By using indirect immunofluorescence and confocal microscopy, we documented changes in the distribution of elongation factor-lu (EF-la), actin, and microtubules during the development of maize endosperm cells. In older interphase cells actively forming statch grains and protein bodies, the protein bodies are enmeshed in EF-la and actin and are found juxtaposed with a multidirectional array of microtubules. Actin and EF-la appear to exist in a complex, because we observed that the two are colocalized, and treatment with cytochalasln D resulted in the redistribution of EF-1a. These dhta suggest that EF-la and actin are associated in maize endosperm cells and may help to explain the basis of the correlation we found between the concentration of E M a and lysine content. The data also support the hypothesis that the cytoskeleton plays a role in.storage protein deposition. The distributions of EF-la, actin, and microtubules change during development. We observed that in young cells before the accumulation of statch and storage protein, EF-la, actin, and microtubules are found mainly in the cell cortex or in association with nuclei.
INTRODUCTION
The maize endosperm, like the endosperm of other cereais, undergoes dramatic changes in anatomy and protein and starch content during its four stages of development (Bosnes et al., 1992; Olsen et al., 1992) . Within hours after fertilization and until the third day after pollination (DAP), rapid nuclear divisions in the absence of cytokinesis give rise to a syncytium (stage I) (Knowles and Phillips, 1988) . During stage II (3 to 5 DAP), cell walls form around the individual nuclei. The resulting mononucleate cells undergo a period of mitotic divisions (stage lll), which ends in the central cells at 4 2 DAP but occurs in the peripheral layers until20 to 25 DAP. Starch grains and protein bodies begin to accumulate at stage 111, starting in the centermost cells at -10 DAI? Finally, in stage IV, accumulation of storage products continues until the cells of the endosperm die and the kernel desiccates.
The-cells formed in stage I 1 undergo extensive anatomical changes during subsequent stages. In early stage 111, before storage product deposition, they have a prominent nucleus and small vacuoles. During storage product deposition (midstage III to stage IV), the cells become quite large (-50 to 100 pm or more in diameter) and are essentially devoid of vacuoles (Lending and Larkins, 1989) . Their cytoplasm is packed with abundant starch grains deposited within plastids as well as in protein bodies formed within the rough endoplasmic reticulum (RER).
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The protein bodies consist of a group of alcohol-soluble proteins called zeins, which are synthesized by polysomes bound to the RER and transported into the lumen of this organelle, where they aggregate in an organized, developmentally regulated fashion (Khoo and Wolf, 1970; Lending and Larkins, 1989 ).
There are four basic types of zeins, designated a, p, y , and S (Esen, 1986) , that are nonuniformly distributed in the protein body. The cysteine-rich p-and y-zeins tend to be found on the surface, whereas the a-and 6-zeins generally occur in the central regions (Lending et al., 1988; Esen and Stetler, 1992) . Initially, developing protein bodies consist of only 0-and y-zeins. They enlarge when a-and S-zeins penetrate the highly cross-linked network of p-and y-zeins by an unknown mechanism. Chaperone proteins (Boston et al., 1991; Zhang and Boston, 1992; Li and Larkins, 1996) as well as interactions between the different classes of zeins (C.E. Coleman, personal communication; Wallace et al., 1988) are important for protein body assembly; however, the exact mechanism by which the protein bodies form and the regulation of their spacing within the RER are not known.
Studies of the cytoskeleton from maize endosperm cells that are actively accumulating starch and storage protein'suggest that this group of filamentous proteins has significance beyond a role in cell division and cell wall deposition. Abe et al. (1991) and Stankovic et al. (1993) reported an association of protein bodies, filamentous actin, and polysomes after homogenization of maize endosperm in a cytoskeletonstabilizing buffer. Actin is also present in the protein body fraction after sucrose gradient separation of endosperm homogenates (Habben et al., 1993) . In addition, the protein synthesis factor, elongation factor-1 a (EF-1 a), which has been shown to bundle actin (Edmonds, 1993) and bundle (Durso and Cyr, 1994) and sever (Shiina et al., 1994) microtubules, was found in abundance in the protein body fraction (J.E. Habben, personal communication) .
The significance of the above-mentioned findings could be twofold. First, the cytoskeleton may associate with protein bodies in vivo and perhaps functions in their biogenesis. Second, an association of the cytoskeleton and protein bodies may help to explain the basis for the high correlation (r z = 0.9) that we found between the content of lysine (an essential amino acid for monogastric animals that is limiting in cereals) in the endosperm and the concentration of EF-1a (Habben et al., 1995) . Because EF-1 a itself only accounts for 1 to 3% of the total lysine in the endosperm (Y. Sun, personal communication), the fact that its concentration predicts 90% of the total must reflect a relationship between EF-1 a and other lysine-rich proteins. Given that EF-1 a is present along with actin in the protein body fraction and that EF-1 a is reported to be associated with actin and microtubules in other tissues (Condeelis, 1995) , it is possible that the unidentified lysine-rich proteins reside in association with the cytoskeleton of maize endosperm cells.
By using indirect immunofluorescence and confocal microscopy, we visualized actin, tubulin, EF-1 a, and protein bodies in intact endosperm cells to determine their spatial relationships in situ. We analyzed these components in interphase cells at two developmental times (early stage III and mid-stage III to early stage IV) and observed dramatic changes in cytoskeletal structure with the onset of storage product deposition. We show that protein bodies are juxtaposed with a reticulate array of microtubules and are surrounded by EF-1 a and actin. The latter components appear to exist in a complex, because treatment of the endosperm with cytochalasin D resulted in a redistribution of EF-1 a within the cells. The potential significance of these findings with respect to both protein body formation and lysine content of the endosperm is discussed.
RESULTS

Cytoskeleton of Maize Endosperm Cells before Storage Product Deposition
We localized microtubules, actin, and EF-1 a in early stage III endosperm cells in which protein bodies and starch grains had not yet accumulated. In these young cells, a prominent nucleus is visible when viewed using bright-field optics ( Figure  1A ), but by mid-stage III it is obscured because of the deposition of starch grains ( Figure 1B ). The absence of protein bodies in the early stage III cells was verified via indirect immunofluorescence by using y-zein antiserum (data not shown). In these young cells, microtubules were found in the cell cortex as well as in an array emanating from the nucleus (Figure 2A ). Actin was found enmeshing the nucleus and in strands extending from the nucleus toward the cell periphery ( Figure 2B ). EF-1 a was also seen primarily around the nucleus and among membranous structures near the nucleus ( Figure 2C ). Simultaneous staining with 3,3'-dihexyloxacarbocyanine iodide (DiOC 6 ), which stains the ER and nuclear envelope and can also interact with mitochondria and Golgi membranes (Koning et al., 1993) , suggested that at least some EF-1 a is localized to the endomembrane system (data not shown). A low level of fluorescence was also seen in some nuclei. Low background fluorescence was observed in control samples treated with EFl u preimmune serum ( Figure 2D ).
Cytoskeleton during Storage Product Deposition
Microtubules, actin, and EF-1 a appear to reorganize coincident with starch and storage protein production. In 16-to 28-DAP cells, which are actively accumulating starch and storage proteins, extensive cytoskeletal components were observed both in the cell cortex and throughout the cytoplasm. When these cells were fixed in 4% paraformaldehyde for 2 weeks without prior treatment with the protein cross-linker m-maleimidobenzoyl N-hydroxysuccinimide ester (MBS) and were embedded in parafin, the approximately parallel microtubules adjacent to the cell wall were prominent, and occasional microtubule fragments were observed between the starch grains ( Figure 3A) . In contrast, when thick, unembedded sections of endosperm were pretreated with MBS to stabilize the cytoskeleton and fixed for only 1 hr (as was done for all of the samples except for the sample shown in Figure 3A ), the microtubules were visualized in two major arrays: a cortical array and another multidirectional array that permeated the cytoplasm between the starch grains ( Figure 38 ). lmmunolocalization of a soluble protein, phosphoenolpyruvate carboxylase ( Figure 3C ), resulted in fluorescence that is diffusely located between the starch grains, in contrast to the filamentous appearance in Figure 36 . Therefore, it appears that the fixation and labeling procedure used in this and all of the other microscopic analyses does not cause substantial extraction of the cytoplasm or collapse of the cytoplasmic components within the space between the starch grains. Sections incubated in phosphoenolpyruvate carboxylase preimmune serum or mouse ascites fluid followed by incubation with secondary antibodies had low background fluorescence (e.g., see Figure 4 ).
Protein bodies were labeled for y-zein, which is found at the periphery, causing them to look like spheres when visualized by using confocal immunofluorescence microscopy. Simultaneous labeling of microtubules and y-zein revealed that the protein bodies are juxtaposed with the microtubules ( Figure 4A ). More specifically, the protein bodies are adjacent to or entwined with the microtubules. To investigate whether a similar relationship exists between protein bodies and microtubules in cytoplasm without abundant starch grains, we localized these two antigens in endosperm cells of a starch-deficient mutant (sh2-r). These cells contained few or no starch grains. No starch grains were observed in the cell shown in Figure 48 , yet protein bodies were still juxtaposed with a reticulate array of microtubules. In this cell, the nonfluorescing areas that contained neither microtubules nor protein bodies were found to contain a granular cytoplasm when viewed by using bright-field microscopy (i.e., the cell did not appear extracted). (Note that a single optical section is shown, which reflects an even higher leve1 of three-dimensional resolution and more strictly tests the relationship between protein bodies and microtubules.) Minimal and diffuse fluorescence was observed in cells that had been incubated in either normal rabbit Serum ( Figure 4C ) or mouse ascites fluid ( Figure 4D ) rather than in primary antibodies.
Actin was also found in high abundance in the cell cortex and cytoplasm ( Figure 5A ). A dense network of filaments was observed adjacent to the cell wall, and filaments were also found in the cytoplasm between starch grains. In addition, actin was found clumped in the areas of the cytoplasm between starch grains. The pattern of distribution of this actin was virtually identical to the pattern of protein body (y-zein) distribution (cf. Figures 5A and 58 ). When the images representing actin and protein bodies were collected sequentially (by using filter sets specific for each fluorophore successively and without moving the 2 stage) and were superimposed ( Figure 5C ), extensive yellow fluorescence was seen, indicating colocalization of the proteins. Analysis at high magnification showed actin to be closely associated with the majority of protein bodies ( Figure 5C inset). The protein bodies appear hollow at this magnification when visualized in a nonperipheral optical section. As a control, actin was visualized with Cy3 in a single labeled sample. This pattern of staining was compared with the samples in which.the actin was visualized by using Cy3, and the protein bodies were visualized by using BODIPY. The identical pattern of actin distribution around the protein bodies was observed in both cases. This control was done to ensure that the actin stain was not an artifact related to the possible excitation of the BODIPY fluorophore in the collection channel of the Cy3 fluorophore.
During the period of storage product deposition, EF-1 a was localized around spheres 4 pm in diameter ( Figure 6A ), implying that it is associated with the protein bodies andlor with the actin surrounding them. Although abundant, EF-lu was not simply found throughout the cytoplasm (cf. Figure 3C ). In addition to the dark areas occupied by starch grains, there were other nonfluorescing areas in the cytoplasm of cells labeled for this protein. Similar cells treated with EF-la preimmune serum followed by incubation with a secondary antibody had dim and diffuse fluorescence ( Figure 66 ). We verified that EF-1 a surrounds protein bodies by double labeling cells for both EF-1 a and y-zein and analyzing them sequentially, as described in Figure 5 . There was extensive overlap of signal at the periphery of protein bodies, which appeared yellow ( Figure 6C ). When cells double labeled for actin and EF-la were analyzed ( Figure 6D) , there was again extensive overlap of signal around the protein bodies, suggesting an association between the two. High magnification of an area of this sample between the starch grains ( Figure 6E ) showed the yellow signal in an elaborate network that contains holes ~1 pm in diameter.
To test the hypothesis that actin and EF-1 a are associated, we treated endosperm tissue with the actin-disrupting agent cytochalasin D. After this treatment, both actin and EF-la were visualized as tiny dots less than one-quarter of the size of protein bodies ( Figure 6F ). Dots of fluorescence also appeared near the edge of the cell depicted in Figure 6A , and they may reflect incomplete preservation of the actin in this localized area. When cells were treated with cytochalasin D, they appeared to contain somewhat less EF-1 a. It may be that once the protein is no longer anchored to actin, some of it is lost from the section during processing. Finally, in cytochalasin D-treated cells, labeling for y-zein showed that the protein bodies remained intact (data not shown). Therefore, it is likely that EF-1a and actin form a complex, although it is possible that some indirect effect of the drug caused the redistribution of EF-1a.
Several additional control experiments were performed (data not shown) to test whether the distributions of actin, microtubules, EF-1a, and protein bodies remained consistent in the absence of starch grains or treatments with Triton X-100 or DMSO. When actin and EF-1a were localized in sh2-r endosperm cells, we again found them to be in close association with protein bodies, indicating that these proteins were not simply forced into proximity with the protein bodies by the abundant starch grains. Elimination of the Triton X-100 permeabilization step did not alter the distributions of these antigens but resulted in a higher level of background fluorescence. Actin and microtubules were also found close to nuclei in young cells and to protein bodies in older cells when DMSO was eliminated from the protocol. Therefore, the use of these reagents in our usual protocol did not cause the cytoskeletal elements to redistribute artifactually. Finally, staining of the cells with DiOC 6 revealed the persistence of extensive ER membranes after our fixation and immunolabeling procedures.
DISCUSSION
We have found an extensive cytoskeletal network surrounding the protein bodies, which are found in the lumen of the PER (Larkins and Hurkman, 1978) , in developing maize endosperm. Microtubules were found adjacent to the protein bodies that were enmeshed in networks of actin and EF-1a. Although maize endosperm tissue has been studied extensively using light and electron microscopy (Khoo and Wolf, 1970; Larkins and Hurkman, 1978; Lending and Larkins, 1989) , the cytoskeletal structure we describe had not been observed previously. Presumably, this is a consequence of the cytoskeleton being disrupted during conventional chemical fixation and processing. Although the function of the cytoskeleton in these interphase cells is not yet clear, we hypothesize that it plays a role in the synthesis and organization of zeins, leading to protein body assembly.
tially, and the resulting images were superimposed. The yellow fluorescence, particularly in clusters (arrowheads) between the starch grains (S), indicates the overlap of signal. The inset provides a higher magnification of this sample and reveals actin in close association with protein bodies, which appear hollow and are each ~1 urn in diameter. Rabbit serum and mouse ascites fluid control samples shown in Figures  4C and 4D were also used here as controls. Bar = 20 urn. The organization of cytoskeletal components in early stage 111 maize endosperm cells, before the period of starch and storage protein synthesis, is similar to that found in a variety of plant cell types. At this stage, the microtubules radiate from the nuclear surface, reminiscent of those in the cell wall-free endosperm cells of Haemanthus and Clivia (Schmit et al., 1983) and in interphase root cells of Arabidopsis, Zamia, and Azolla (Baskin et al., 1992) . Such microtubules originating from the nucleus might be precursors of the cortical array (Flanders et al., 1990) or may function in the movement and anchoring of the nucleus (Bakhuizen et al., 1985; Katsuta et al., 1990) . The microtubules observed in the cell cortex are commonly described and are presumably involved in cell wall synthesis (reviewed in Giddings and Staehelin, 1991) .
The organization of actin that we observed in 8-to 10-DAP endosperm cells, seen as a "basket" around the nucleus and cables emanating from the nucleus to the cell wall, is similar to that described by Traas et al. (1987) in suspension culture cells of carrot. It is thought that this structure might be involved in positioning the cell division plane (Palevitz, 1980; Traas et al., 1987) or in nuclear mobilization or transport of products from the nucleus to the periphery of the cell (Derksen et al., 1986) . At this early developmental stage, we found EF-lu to be associated with structures near and around the nucleus and at least partially colocalized with the endomembrane system (data not shown). An association of EF-la with the ER is not unexpected, because Hayashi et al. (1989) showed that this protein can be anchored to the ER membrane by phosphatidylinositol via an ethanolamine linkage.
A significant reorganization of the cytoskeleton occurs in endosperm cells between 10 to 16 DAP (mid-stage 111). This reorganization is consistent with a modification of cytoskeletal structure and function coincident with the onset of starch and storage protein synthesis. At this stage, a multidirectional array of microtubules develops that permeates the areas of the cytoplasm between the starch grains. This array is similar to that described by Baskin et al. (1992) in root cells, although it most closely resembles the one in the starch-filled central cell of the Arabidopsis megagametophyte (Webb and Gunning, 1994) . The latter authors hypothesized that the cytoplasmic microtubules of the central cell may serve to move the amyloplasts, because plastids appear to distribute in a microtubule-dependent manner in the male reproductive cells of lily (Tanaka, 1991) . We found that microtubules frequently are juxtaposed with protein bodies in maize endosperm cells. We observed only a small amount of overlap (yellow flU0reS-cence) where the microtubules and protein bodies were in close apposition, which could be due to a minimal area of contact between the two. Alternatively, microtubules and protein bodies may not be directly associated, but other proteins may mediate their interaction. Microtubules are found adjacent to the ER membrane in other cell types, such as wheat meristem cells undergoing division (Pickett-Heaps and Northcote, 1966) and fibroblasts in culture (Terasaki et al., 1986) . Using DiOC6, we verified that ER membranes remained after the immunolabeling procedures (data not shown), but our attempts to visualize the details of the ER/cytoskeleton relationship at high magnification were not successful. Despite the use of an antifade agent, the DiOC6 fluorescence faded to0 rapidly to obtain quality images.
The actin of endosperm cells accumulating storage products was visible in both the cell cortex and the cytoplasm between the starch grains. The transversely associated microfilaments that we observed in the cell cortex are similar to those reported by Traas et al. (1987) and Sonobe and Shibaoke (1989) in culture cells of carrot and tobacco, respectively. Such cortical actin may serve to organize the parietal cytoplasm (McCurdy and Williamson, 1991) , or it might be involved in cell wall deposition (reviewed in Staiger and Schliwa, 1987) . In the cytoplasm, in addition to long filaments, we observed actin surrounding the protein bodies. These networks of actin appear to correspond to those described by Davies and co-workers (Abe et al., 1991; Stankovic et al., 1993) . They described networks of actin that enmeshed protein bodies in endosperm homogenates. The work of Davies et al. (1993) indicated an association of polysomes, including zein-synthesizing polysomes, with this actin, suggesting a possible role for the cytoskeleton in protein body formation (see below). (E) A cell incubated with EF-lu preimmune serum followed by treatment with the secondary antibody, as given in (A). (C) A cell immunologically labeled for EF-1 a (monoclonal antibody visualized by using Cy3 [red] ) and y-zein (green) revealing extensive overlap of signal (yellow). The inset provides a higher magnification of this sample. Yellow hollow spheres (-1 pm in diameter), which resulted from overlapping green and red fluorescence, indicate that EF-lu exists at the surface of the protein bodies. (D) A cell immunologically labeled for actin (red) and EF-lu (polyclonal antibody visualized using BODIPY green). The yellow color indicates the overlap of signal, particularly in the area surrounding protein bodies.
(E) Higher magnification of an area between the starch grains in the sample shown in (D), having extensive colocalization of actin and EF-Ia.
(F) Higher magnification of an area between the starch grains in a cell comparable to the one shown in (E). The cell was pretreated with cytochalasin D and labeled for actin (red) and EF-lu (green). EF-lu is no longer localized around the protein bodies. S, starch grains. Bars = 5 pm.
In endosperm cells actively synthesizing storage proteins, EF-la exists in a complex with the actin around protein bodies. This explains the observation that both proteins are found in the protein body fraction after sucrose gradient centrifugation of endosperm homogenates (Habben et al., 1993; J.E. Habben, personal communication) , and it is consistent with previous studies showing EF-1 a to be associated with the actin cytoskeleton (Condeelis, 1995) and the ER (Hayashi et al., 1989 ). An EF-lu homolog from carrot has been shown to bind actin and facilitate its polymerization in vitro (Yang et al., 1993) , and Owen et al. (1992) found that EF-la from Dictyostelium could cross-link actin filaments into a unique type of bundle. In addition, EF-1 a isolated from maize is also capable of bundling actin in vitro (Y. Sun, personal communication). We speculate that the actin surrounding protein bodies may be polymerized or cross-linked by EF-1a. It is also possible, given the reports that EF-la bundles microtubules (Durso and Cyr, 1994) and binds to the ER membrane (Hayashi et al., 1989) , that this protein somehow connects the actin with microtubules or attaches actin to the ER membrane. Another possibility is that EF-1 a does not affect cytoskeletal structure in endosperm cells, but its localization with the actin around protein bodies facilitates zein peptide elongation.
The association of EF-1 a with the cytoskeleton surrounding protein bodies may help to explain the basis for the high correlation we found between the lysine content of the endosperm and the concentration of EF-1 a (Habben et al., 1995) . That the concentration of EF-Ia predicts 90% of the lysine in the endosperm whereas the protein itself accounts for only 1 to 3% of the lysine (Y. Sun, personal communication) must reflect a relationship between EF-1 a and other lysine-rich proteins. Based on our results, we speculate that the cytoskeleton may be a major source of the other lysine-rich proteins whose levels increase coordinately with EF-1a. Although actin and tubulin themselves contain only 5 and 4% lysine, respectively, perhaps other as yet unidentified cytoskeleton-associated proteins have higher lysine contents.
The opaque2 (02) mutation generally causes an increase in the synthesis of lysine-containing proteins, including EFl a . One possible explanation for the increased leve1 of these proteins in the mutant is that the 02 endosperm develops a more extensive cytoskeletal network than does the wild type. This could resultas a consequence of a larger number of protein bodies with which the cytoskeletal network is associated. Protein bodies in 02 mutants are typically one-fifth to one-tenth the diameter of normal protein bodies (Geetha et al., 1991) , and although the 02 endosperm contains on average approximately half as much zein as does the wild type (Moro et al., 1996) , based on the reduced volume of protein bodies, one would predict a significantly larger number of protein bodies in the mutant. Because the surface area is a function of the square of the radius, on average there would be a two-to fourfold increase in the surface area of the ER membrane around protein bodies in the 02 mutant. The relative number of protein bodies and amounts of cytoskeletal proteins in wild-type versus 02 endosperm have never been determined, but it should be possible to do so to test this hypothesis.
Based on our localization of a cytoskeletal network associated with protein bodies, the work of Davies et al. (1993) indicating the association of polysomes with the actin surrounding protein bodies in endosperm homogenates, and numerous reports of cytoskeleton-based mRNA localization in animal cells (St Johnston, 1995) , we hypothesize that the cytoskeleton in endosperm cells may function in the localization of zein mRNAs. The localization of Vg7 mRNA in Xenopus oocytes may provide an analogous example. The Vgl protein is a TGF-p homolog that has a signal peptide and is implicated in mesodermal induction (Thompsen and Melton, 1993) . Experimental evidence suggests a two-step localization pathway for Vg7 mRNA in which microtubules transport the mRNA to the vegetal hemisphere and then actin anchors the message to the cortex (Yisraeli et al., 1990) . One possibility is that zein mRNAs are transported to the ER along microtubules and are anchored to sites of protein body formation by actin. A role for actin in the attachment of storage protein RNAs to protein bodies had been proposed previously (Abe et al., 1991; Okita et al., 1994) . Different classes of storage protein mRNAs in rice endosperm localize to different regions of the ER membrane (Li et al., 1993) . Perhaps the cytoskeleton plays a role in this segregation. We are currently using a variety of approaches to test the hypothesis that the cytoskeleton localizes zein mRNAs. In the future, the study of protein body formation in maize endosperm may allow us to test the hypothesis that components of the translation apparatus (such as EF-1 a) regulate transport, anchorage, and translation of mRNAs via their ability to influence the cytoskeleton (Condeelis, 1995) . -r) ; the basic spatial relationships between cytoskeletal elements and elongation factor-1 a (EF-Ia) to protein bodies were the same in all of the examples. For analysis of the cytoskeleton before storage product deposition, we studied kernels 8 to 10 days after pollination (DAP). To study the cytoskeleton during starch and protein body formation, we analyzed kernels 16 to 28 DAI? lndirect immunofluorescence and laser scanning confocal microscopy were used to visualize the cytoskeleton in unembedded sections of maize endosperm tissue. Sections (30 to 50 pm thick) of fresh kernels were cut with a Lab-LinelHooker Plant Microtome (Lab-Line Instruments, Inc., Melrose Park, IL). The sections were immediately treated with 100 pM m-maleimidobenzoyl N-hydroxysuccinimide ester (MBS), as recommended by Sonobe and Shibaoka (1989) , before a I-hr fixation in 4% formaldehyde. The only exception is the sample shown in Figure 3A . The sample was not pretreated with MBS but was fixed in 4% formaldehyde for 2 weeks and then embedded in paraffin. 60th the MBS stabilization and fixation steps took place in the cytoskeleton stabilizing bufferdescribed by Abe et al. (1991) . The sections were permeabilized with cellulase (Utrillaet al:, 1993), followed by a 30-min incubation in 0.10/0 Triton X-100 in PBS. Before incubation with an antibody, the sections were treated with a blocking solution (5% goat normal serum, 0.03% Triton X-100, l0/0 BSA in PBS, pH 7.0) for several hours at 4%.
lndirect immunofluorescence was performed as follows. Sections were first incubated in primary antibody diluted (vlv) in antibody solution (1% BSA, 0.03% Triton X-100 in PBS, pH 7.0) for one to several hours. Anti-a-tubulin and anti-actin (Amersham Life Science Inc., Arling ton Heights, IL) were both used at dilutions of 1:20 or 1:200, depending on the lot, whereas anti-y-zein (Lending et al., 1988 ) was used at a dilution of 1500. Anti-EF-la was diluted 1:l OO (polyclonal antibodies, Habben et al., 1995; monoclonal antibodies, Kumagai et al., 1995) . The anti-phosphoenolpyruvate carboxylase, provided by C.A. Zeiher (University of Arizona, Tucson), was also diluted 1:lOO. After rinsing, the sections were incubated in secondary antibody conjugated to a fluorophore at a dilution of 1:lOO (vhr) with an antibody solution in the dark for one to several hours. Cy3-conjugated affinity-purified goat anti-mouse IgG (Jackson ImmunoResearch Laboratories, West Grove, PA) was used to label the actin, tubulin, and monoclonal EF-lu antibodies, and BODIPY FL goat anti-rabbit IgG (Molecular Probes, Eugene, OR) was used to label the y-zein and polyclonal EF-la antibodies. A monoclonal EF-la antibody (Kumagai et al., 1995) was used for preliminary viewing of samples, Leslie Tolbert and the Arizona Research Laboratories Division of Neurobidogy for the use of their BiwRad MRC laser scanning confocal microscope, and Palty Jansma for sharing her technical expertise and for helping us to obtain several of the images presented in this paper. We acknowledge the use of the Leica laser scanning confocal microscope at the University of Arizona Biotechnology Division lmaging Facility and appreciate the help of the staff. We thank Wendy Pott for assembling Figure 5 
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in conjunction with the y-zein antibody for the experiment shown in Figure 6C ; however, for all of the other experiments, the polyclonal EF-la antibody (Habben et al., 1995) was used. Control sections were treated with the appropriate preimmune serum (when available), normal serum, or ascites fluid rather than with the primary antibody, followed bv incubation with a secondarv antibodv. After reaction with the secondary antibody, the sections were rinsed and mounted in a polyvinyl alcohol/glycerol mount (Banker and Goslin, 1991) containing the antifade agent 1,4-diazabicyclo-2,2,2-octane (Aldrich). For staining of the endoplasmic reticulum (ER), sections were incubated in 1 pg/mL 3,3'dihexyloxacarbocyanine iodide (DiOCs) (Molecular Probes) in PBS for 10 min in the dark. For disruption of microfilaments, the endosperm sections were placed in 0.5 mL of 10 pM cytochalasin D (Sigma). After rinsing, the sections were permea-'bilized, blocked, and immunolabeled for actin and EF-1 a as described above.
Sections were analyzed using either a Bio-Rad MRC 600 or 1024 or a Leica (Leica Lasertechnik GmbH, Heidelberg, Germany) confocal laser scanning microscope with rhodamine or fluorescein filter sets. The microscope used did not affect the results obtained. Because none of the confocal microscopes to which we had access were equipped with differential interference contrast (DC) optics, accompanying DIC images could not be obtained. Control preparations were analyzed using the same laser power and photomultiplier tube settings as their experimental counterparts.
Each localization and/or treatment was performed a minimum of three times with kernels from different field seasons. We randomized the data collection by placing a high-magnification objective directly onto an area of the endosperm without previous viewing of the cells and assayed multiple areas of each sample.
Adjustments of image brightness and contrast were performed in either Adobe Photoshop (Adobe Systems Inc., Mountain View, CA) or Corel Photopaint (Corel Corp., Ottawa, Canada). Figures were labeled and assembled using Adobe lllustrator or Corel Draw.
